Objectives: Information on clonal lineages and genetic platforms involved in the mobilization of carbapenemases between Pseudomonas aeruginosa strains in Portugal is scarce. Here, we outline the genetic drivers contributing to the occurrence of bla VIM-2 -producing P. aeruginosa over two decades.
Introduction
Pseudomonas aeruginosa is a clinically important pathogen exhibiting interplay between intrinsic and acquired mechanisms of resistance to several antibiotics, including carbapenems. [1] [2] [3] The species is identified as one of the most critical Gram-negative bacteria to be included in the recent WHO list of antibiotic-resistant pathogens. It poses the greatest threat to public health, and is the focus of effort to secure and guide research and development of new antibiotics (see http://www.who.int/mediacentre/news/releases/2017/bacteriaantibiotics-needed/en/). Since 2008, P. aeruginosa has been reported as one of the 'ESKAPE' (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species) pathogens, underlining its impact on nosocomial infections and the ability of the bacteria to 'escape' the activity of antimicrobial drugs. 4 The increased spread of carbapenemase-producing P. aeruginosa (CPPA) isolates constitutes, at present, an important threat worldwide, with VIM (Verona imipenemase) and IMP (imipenemase) families being the most prevalent. [1] [2] [3] MBL genes are frequently embedded in class I integrons, which may also harbour other antibiotic resistance determinants. These structures can be easily mobilized by different mobile genetic elements (MGEs), such as transposons, plasmids, integrative conjugative elements (ICEs) and/or genomic islands (GIs). [1] [2] [3] [5] [6] [7] [8] [9] Moreover, in this species, MBLs have been frequently linked to high-risk clones belonging to widespread STs 111, 175, 235, 253 and 244. [1] [2] [3] [10] [11] [12] In Portugal, different carbapenemases have been described among isolates of P. aeruginosa, with frequent reports of VIM-2 and occasionally IMP-5 and GES-6. [13] [14] [15] [16] [17] [18] [19] Notwithstanding this, information concerning the clonal lineages and genetic surroundings of CPPA strains in Portuguese hospitals is still scarce. 1 Here, we explore the drivers contributing to the occurrence of bla VIM-2 -producing P. aeruginosa in different hospitals over two decades.
Materials and methods

Bacterial isolates
A collection of carbapenem-resistant P. aeruginosa clinical isolates (n " 263, 1995-2014) was obtained from several clinical products (urine, respiratory secretions, bronchial aspirate, bronchial secretions, aspirate, blood and catheter) and distinct inpatients from six geographically distant hospitals within Portugal (Table 1) .
Species identification and antimicrobial susceptibility testing
Identification was initially performed by the automated VITEK 2 system (bioMérieux, Marcy-l'Étoile, France) and afterwards confirmed by a multilocus sequence analysis (rpoD, gyrB and 16S rRNA genes) in all CPPA strains. 20 Antimicrobial susceptibility testing of all CPPA isolates was conducted according to the EUCAST guidelines (www.eucast.org) by standard disc diffusion, except for colistin (broth microdilution method).
Carbapenemase identification and genetic location
Carbapenemase production was assessed by the Blue-Carba test. 21 PCR assays for the most prevalent carbapenemase-encoding genes were conducted as described elsewhere. 22, 23 The genetic location of carbapenemase-encoding genes was determined by I-CeuI/S1 PFGE for all CPPA isolates, as previously described. 16 Hybridization was performed with specific probes for carbapenemase genes and 16S rDNA, as reported. 16 Transfer assays of carbapenem resistance Conjugation assays were conducted as previously described, 17 using a spontaneous rifampicin-resistant mutant of P. aeruginosa PAO1 as the recipient strain. A selection of transconjugants was performed in Mueller-Hinton agar plates containing rifampicin (100 lg/mL) and imipenem (4 lg/mL).
Clonal analysis
Clonal diversity analysis was assessed by MLST according to the guidelines published for P. aeruginosa (https://pubmlst.org/paeruginosa/). Botelho et al.
WGS and bioinformatics
Nine CPPA isolates representing different STs, integrons and time periods were selected for WGS analysis (Table 1) . Total DNA was extracted with the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. Complete nucleotide sequencing was achieved by the Illumina HiSeq platform (100% coverage) and de novo assembly by Geneious assembler v 9.1.8. High-throughput sequence data quality was accessed by FastQC, while genome assembly quality was evaluated by QUAST (http://quast.bioinf.spbau.ru/). Automatic annotation of the genome was conducted by NCBI's Prokaryotic Genome Annotation Pipeline. 24 The presence of putative plasmid sequences was examined by the plasmidSPAdes tool from SPAdes 3.9.0. 25 The presence of putative GIs was inspected by the SIGI-HMM method available in IslandViewer 4 (http:// www.pathogenomics.sfu.ca/islandviewer/). PHAST (http://phast.wishartlab. com/index.html) web server was used to detect the presence of prophage sequences. Antimicrobial resistance genes were identified by ResFinder (https://cge.cbs.dtu.dk/services/ResFinder/) and the RGI software from the CARD database (https://card.mcmaster.ca/home). For the ST assignment, genomes deposited in GenBank were inspected using the MLST-1.8 Server (https://cge.cbs.dtu.dk/services/MLST/).
Overlapping sequences comprising the genetic environment surrounding the different integron structures were mapped with Geneious v. 9.1.8. Primer design and PCR mapping was conducted to confirm the orientation of these regions, and the coding sequences (CDSs) were predicted using the Glimmer tool available at Geneious v. 9.1.8. Manual annotations for these regions were assessed with NCBI's BLASTp and Conserved Domain Database tools. Easyfig (http://mjsull.github.io/Easyfig/) was used to compare the backbone of different MGEs. BRIG (https://sourceforge.net/proj ects/brig/) software was applied to design plasmid backbones.
Nucleotide sequence accession numbers
These Whole Genome Shotgun projects have been deposited into DDBJ/ ENA/GenBank under accession nos NINN00000000 (FFUP_PS_65), NINO00000 000 (FFUP_PS_CB58), NINP00000000 (FFUP_PS_CB5), NINQ00000000 (FFUP_PS_12), NINR00000000 (FFUP_PS_144), NINS00000000 (FFUP_PS_105), NINT00000000 (FFUP_PS_37), NINU00000000 (FFUP_PS_35) and NINV00000000 (HSV3483). Complete nucleotide sequences of ICE6440 and ICE6441 were deposited into GenBank under accession nos MF168944 and MF168946, respectively. Complete nucleotide sequences of pCB58 and pJB35 were deposited into GenBank under accession nos KY630469.1 and MF168945, respectively. Nucleotide sequences of the novel integron structures were deposited into GenBank under accession nos AY775051.1 (In102), AY954726.1 (In103) and KT946596.1 (In1220).
Results and discussion
General features
Over a two-decade period, within the context of regular screening for carbapenemase producers, 27 CPPA isolates were detected (18 from hospital A, 1 from B, 1 from C, 2 from D, 3 from E and 2 from F) from a collection of 263 carbapenem-resistant P. aeruginosa clinical isolates.
The low prevalence of carbapenemases in our collection (10%) is similar to previous findings. In fact, the main mechanisms for carbapenem resistance in this species are OprD porin impairment, and overexpression of efflux systems. 26 The analysis revealed that all CPPA carried the bla VIM-2 gene, with the exception of one isolate that harboured bla GES-6 in a ST235 high-risk clone. 15 bla VIM-2 is frequently found worldwide amongst P. aeruginosa isolates and is commonly linked to high-risk clones that exhibit MDR or XDR phenotypes. [1] [2] [3] 12 Although bla VIM-2 was first reported in P. aeruginosa in France in 1996, 27 the index case was recorded in Portugal in 1995. 18 Accordingly, VIM-2 enzyme represents the most ancient and, for almost two decades, the most frequently found MBL in CPPA Portuguese isolates.
Among the isolates studied, various ST profiles (n " 10) were identified, including the high-risk clones ST111, ST175, ST235 and ST244 (Table 1 ). This reflects the high genetic diversity of carbapenemase-encoding clones, as commonly observed in P. aeruginosa clinical isolates from different countries.
1,2,11 ST179 was the most frequently found clone within our isolates and observed over 11 years (Table 1) . VIM-2-producing ST179 was also detected in several patients with chronic respiratory infections from Spanish hospitals. 28 ST111, a recognized high-risk clone, was identified as the oldest CPPA isolate from our collection as well as in recent isolates from different hospitals ( Table 1) . [1] [2] [3] 12 ST175 is an international clone that has been mainly associated with XDR and MDR P. aeruginosa isolates from Spanish hospitals.
1,2,29 ST253 is one of the five high-risk clones commonly identified in this species. 30 Besides the clinical relevance, this clone was also associated with different environmental, animal and non-clinical settings. 31, 32 ST244 also represents a widely spread clone, being responsible for the propagation of VIM-2, IMP-6, VEB-1 and PER-1 enzymes in different countries. 11, 33 Even though ST244 was identified in a single hospital, it was the most frequently found ST in that unit (J. Botelho, F. Grosso and L. Peixe, unpublished results). ST235, scarcely found in this study, is the most frequent high-risk clone involved in the worldwide dissemination of carbapenemases (Table 1) . [1] [2] [3] 12, 15 STs 260, 282, 815 and 1284, each described in one isolate, were also rarely reported in other studies. Interestingly, a ST260 carrying bla IMP-14 and ST1284 with bla VIM-7 were previously reported. 34, 35 All bla VIM-2 -producing isolates were non-susceptible to imipenem, ceftazidime, cefepime and piperacillin/tazobactam, and presented variable susceptibility to aztreonam (52%), ciprofloxacin (22%), meropenem (7.4%), amikacin (3.7%), tobramycin (3.7%) and gentamicin (3.7%). All isolates were susceptible to colistin (MICs ranging from 0.25 to 1 mg/L). Twenty-two isolates were defined as XDR, whereas five (two isolates from ST253 and the isolates from STs 260, 282 and 815) presented a MDR phenotype. 36 Genetic platforms associated with mobilization of the bla VIM-2 gene
In this study, bla VIM-2 was located within a wide variety of class I integrons ( Figure 1 and Table 1 ). In58 (present in this study in 19 isolates, hospitals A, B, C, D and F) has been described in Portugal and France in association with different Pseudomonas species. 16, 18, 37 Interestingly, this class I integron was identified in the HSV3483 P. aeruginosa isolate, indicating its presence in Portugal at least since 1995. 18 All integron structures carried different combinations of In58 gene cassettes, with the exception of In56 and In100 (Figure 1 ). In796 (found in one isolate, hospital A) was previously detected in P. aeruginosa and Acinetobacter bereziniae Portuguese isolates. 38 It comprises a structure similar to In58, but lacks the aacA4 gene. The genetic structure exhibited by In103 (one isolate, hospital A) was also similar to that of In58, except for the absence of the aacC1 gene cassette. In1220 (one isolate, hospital A) only differed from In58 by the presence of an IS6100 truncating the aacA4 gene, suggesting that IS6100-mediated deletions into the gene cassettes might have bla VIM-2 dissemination in P. aeruginosa JAC occurred.
39 In102 (1 isolate, hospital E) contained an aacA4 gene followed by aacC1 and bla VIM-2 gene cassettes. In56 (one isolate, hospital E), presenting the bla VIM-2 gene as a sole inserted gene cassette, was already reported in clinical and environmental contexts, 40 but it was only found here in one isolate (Table 1) . In100 (three isolates, hospitals A, E and F), an integron with a particular gene cassette organization reflecting the antibiotic usage in therapeutics, 17 was identified in P. aeruginosa isolates obtained in different years from half of the sampled hospitals (Table 1) . In102, In103 and In1220 represented novel integrons. Curiously, In58, In102 and In103 presented the aacA4 0 variant and In100 the aacA4 0 -8 variant (Figure 1 ). The proteins encoded by those genes share the L83S change that typifies the AACA4 0 variant, an aminoglycoside 6 0 -N-acetyltransferase type II conferring resistance to gentamicin. 41 WGS analysis of selected isolates revealed a wide array of MGEs being responsible for the acquisition of bla VIM-2 -carrying integrons (Table 1) . Nevertheless, in the ST179 representative isolate (FFUP_PS_144) the bla VIM-2 -harbouring In58 was located in the chromosome, with no evidence of its acquisition by an MGE (Table  1) . A similar In58 genetic environment was observed by PCR mapping in the other ST179 isolates (Table 1) . WGS analysis of a ST244 isolate (FFUP_PS_65) revealed the In58 in a transposon related to Tn6356, which was previously described on IncP-2 megaplasmid pJB37 from isolate FFUP_PS_37 (Table 1). 14 This transposon was inserted [direct repeats (DRs) 5 0 -TCATT-3 0 ] in a backbone similar to that observed for the pJB37 megaplasmid.
14 However, no plasmid replicase nor conjugal transfer modules were here identified. These findings are also in accordance with the fact that this platform was not transferred by conjugation from FFUP_PS_65. Curiously, those Botelho et al.
isolates belong to different clonal lineages, with FFUP_PS_37 belonging to ST253 (Table 1) .
ICEs linked to high-risk clones ST235 and ST111
The bla VIM-2 gene was linked to two complete ICE sequences on two isolates (HSV3483 and FFUP_PS_CB5), associated with different integrons (In58 and In56) and with high-risk clones ST111 and ST235 (Table 1) . ICEs are self-transmissible mosaics that encode their own integration/excision, conjugation, regulation and accessory modules. [6] [7] [8] [9] 42, 43 These elements seem to be the most prevalent conjugative elements in all prokaryotic clades. 43 Until now, only three reports were associated with carbapenemases: a bla GES-5 -harbouring GI2, identified in P. aeruginosa draft genomes from Australia and belonging to the ST235; a bla GES-6 -habouring ICE associated with a P. aeruginosa isolate belonging to the same high-risk clone; and a bla SPM-1 inserted into ICETn43716061, frequently associated with ST277 P. aeruginosa isolates from Brazil. [44] [45] [46] [47] Curiously, these reports are quite recent, which highlights the importance of WGS projects and subsequent bioinformatic analysis in the correct identification of these MGEs.
In HSV3483, the bla VIM-2 -carrying In58 integron was identified on an 83 339 bp ICE comprising 77 CDSs and a GC content of 62.0%, hereby named ICE6440 (http://transposon.lstmed.ac.uk/), according to the criteria proposed by Roberts et al. 48 ( Figure 2a and Table S1 , available as Supplementary data at JAC Online). This ICE was highly related to bla GES-24 -harbouring PAGI-15 and bla IMP-6 -carrying PAGI-16 identified in P. aeruginosa clinical isolates from South Korea (accession nos KX196168.1 and KX196169.1, respectively), presenting 99% nucleotide identity and 94% of query cover. 49 Similar values (99% identity and a query cover ranging from 92% to 95%) were also found for genomic sequences of P. aeruginosa strains RIVM-EMC2982 and Carb01 63 from the Netherlands, E6130952 from Canada and DHS01 from France (accession nos CP016955.1, CP011317.1, CP020603.1 and CP013993.1, respectively). Comparative genome analysis revealed a wide dissemination of this backbone throughout unrelated clonal lineages: ST235 was associated with the strain E6130952 and with the isolates harbouring PAGI-15 and PAGI-16; the strains RIVM-EMC2982 and Carb01 63 belonged to ST111 and strain DHS01 to ST395. PCR mapping of another isolate belonging to ST111 and also carrying In58 revealed an identical ICE as the genetic background. The bla VIM-2 -harbouring In58 integron was here associated with a novel transposon hereby named Tn6442. This ICE was integrated next to a tRNA Gly gene and was inserted between a gene encoding for an a/b hydrolase and one encoding for a hypothetical protein.
FFUP_PS_CB5 isolate presented the bla VIM-2 gene in an 88502 bp ICE resulting from the assembly of five contigs, hereby named ICE6441 (Figure 2b and Table S1 ). This MGE comprised 84 CDSs and a GC content of 62.1%. ICE6441 displayed high similarity values (nucleotide identity of 99% and query cover ranging from 96% to 97%) with P. aeruginosa strains F30658 from the USA, S04 90 from the Netherlands, NCGM257 from Japan (accession nos CP008857.1, CP011369.1 and AP014651.1, respectively) and the aforementioned strain DHS01. In silico analysis of these genomes revealed that strain F30658 belonged to ST111, NCGM257 to ST357 and S04 90 to ST446, also revealing a dissemination of this backbone amongst different clonal lineages. The bla VIM-2 -harbouring In56 integron was here associated with a novel transposon hereby named Tn6391. This structure was flanked by imperfect 38 bp inverted repeats typical of Tn3-like transposons. Tn6391 was composed by a tnpAR module, followed by the In56 integron, an IS6100 element and a mercuric resistance operon. A similar backbone (92% of query cover and 99% identity) was identified on the genome of the aforementioned strains RIVM-EMC2982 and Carb01 63. DRs (5 0 -CTCAA-3 0 ) were generated upon transposition of Tn6391 on this ICE. In fact, ICE can mount up other MGEs within their boundaries, thus also transferring these elements. 6 In P. aeruginosa, most ICE fall into two large families: those linked to pKLC102 and the clc-like ICEs. 9 The ICEs here described are related to the ICEclc. The ICE Tn4371 family also represents a large group of ICEs with a common backbone and which are widely bla VIM-2 dissemination in P. aeruginosa JAC distributed. 45, 47 When comparing the nucleotide sequence of the complete ICEs described here with the one from clc (accession no. AJ617740), 87% identity and a query cover ranging from 50% to 67% were identified (Figure 3) . Indeed, the low query cover observed is typical of clc-like ICEs, as these elements display a conserved portion next to the integration site but harbour unique cargo genes. 9 These elements were also somehow similar to other previously characterized clc-like ICEs, such as PAGI-2 and LESGI-3 (accession nos AF440523 and FM209186, respectively).
Interestingly, the ICEs here identified shared exactly the same amino acid sequence for the integrase. Comparative genome analysis also revealed that the same integrase was found on PAGI-15, PAGI-16 and on the genome of P. aeruginosa strains RIVM-EMC2982, Carb01, E6130952, NCGM257 and DHS01. Site-specific recombinases of the bacteriophage P4 integrase subfamily integrases are typically found next to tRNA genes in temperate phages, integrative plasmids and GIs from different Gram-negative bacteria, emphasizing the interchangeable potential of functional modules between different MGEs along their evolutionary history. 6, 7, 9, 42 Besides the integrase, both ICEs comprised a relaxase, type IV secretion systems (T4SS), a type IV coupling protein (T4CP) and genes encoding for maintenance functions. As mentioned above, these ICEs are highly related with PAGI-15 and PAGI-16 ( Figure 3) . 49 These findings help to link the ICEs here identified with the clc family and may contribute to the reclassification of PAGI-15 and PAGI-16 as clc-like ICEs. As far as we know, this is the first report of bla VIM-2 -harbouring ICEs. Taking into account that chromosomally encoded VIM-2 represents the most frequently identified MBL on P. aeruginosa, 2 and that ICEs seem to be the most prevalent conjugative elements in all prokaryotic clades, 43 we hypothesize that with the advent of WGS, the real contribution of these MGEs for the dissemination of this and other carbapenemases will be correctly assessed.
Interestingly, a 33.1 kb intact prophage region was inserted next to the tRNA Gly gene in ICE6441. ICEs possess several traits related to prophages, remaining quiescent with repressed mobility genes and being passively transmitted after cell division. 42 Genomic variation is highly influenced by the presence or absence of integrated prophages. This phage was similar to those of P2-like phages, such as the U CTX P. aeruginosa cytotoxin-converting phage from Japan, the U X216 Burkholderia bacteriophage from the USA and the Smp131 Stenotrophomonas maltophilia temperate phage from Taiwan (accession nos AB008550.1, JX681814.1 and JQ809663.1, respectively). All these phages displayed GC content values .60% and were identified on highly related species that also comprise a high GC genomic content, most likely reflecting their adaptation to these hosts. Curiously, the gene encoding for the U CTX phage cytotoxin was absent from the platform here reported. In silico analysis of this phage yielded several sequences producing significant alignments (nucleotide identity ranging from 96% to 98% and query cover from 61% to 82%) and revealed that this backbone was widely disseminated throughout different clonal lineages, such as ST175 (the FFUP_PS_12 isolate here described), ST111 (F30658 strain), ST235 (NCGM 1984), ST155 (ATCC 27853), ST357 (NCGM257) and ST395 (DHS01 strain) (accession nos CP008857.1, AP014646.1, CP015117.1, AP014651.1 and CP013993.1, respectively). These findings suggest the infection of different clonal lineages with related phages and subsequent genomic rearrangements. Even though a similar ICE and phage backbones were identified on strains NCGM257 and DHS01, these elements were not present next to each other. Upon insertion of the prophage next to the ICE, the resulting integrant exhibited three att sites with the same sequence (5 0 -GATTCCCTTCGCCCGCTCCA-3 0 ). These elements may be transferred en bloc to a new host. This repeat region is similar to the attL and attR sites found for clc-like ICEs and was identified on ICE6440. bla VIM-2 dissemination in P. aeruginosa
JAC
Plasmids associated with different integrons and clonal lineages
The bla VIM-2 of FFUP_PS_35, belonging to ST179 (Table 1) was associated with a small plasmid, named pJB35. This plasmid was present in six contigs, which were finally assembled in a 31166 bp long (in agreement with the 30 kb fragment obtained from S1 nuclease PFGE-based sizing) plasmid, comprising 39 CDSs and presenting a high GC content (62.8%), quite similar to the 62.6% of previously reported pJB12 plasmid (Table S1) . 13 pJB35 was related to the latter, exhibiting 90% nucleotide identity and 68% of query cover (Figure 4) . The main differences concerned: (i) the integron structure, as the bla VIM-2 gene is here related to a In58 variant lacking the aacC1 gene, hereby named In103; (ii) absence of the ISPa17 element that was found upstream the integron platform on pJB12, being here replaced by a tniABQR module and a merTPFADE operon; (iii) repA-parAB module; and (iv) absence of the arsenic resistance (ars) operon (Figure 4 ). Plasmid pJB35 also shared a similar backbone to plasmids pKLC102 (93% identity and 57% of query cover) and pNOR2000 (95% identity and 53% of query cover), with the accession nos AY257539.1 and KC189475.1, respectively. Curiously, pKLC102 presents a dual lifestyle as it can coexist as a free plasmid and a GI in a bacterial cell. 50 DRs (5 0 -GCCTG-3 0 ) were found flanking the In103 integron and the downstream found IS6100 element, suggesting that these structures were co-mobilized.
Isolate FFUP_PS_CB58 of ST244 (Table 1 ) also harboured a bla VIM-2 plasmid of similar size as pJB12 and pJB35. However, its backbone was different (Figure 4 ). pCB58 plasmid was present in a single contig, was 32207 bp and displayed a 58.6% GC content, which is also in agreement with the 30 kb fragment obtained from S1 nuclease PFGE-based sizing). pCB58 was related to bla VIM-1 -harbouring plasmids pPC9, from Pseudomonas putida HB3267 strain and isolated in France (88% query cover and 99% identity) and pAMBL2, from P. aeruginosa and isolated in Spain (44% query cover and 99% identity), with the accession nos CP003739.1 and KP873171.1, respectively (Figure 4) . Replicase protein belongs to the Rep-3 superfamily and shared 100% homology with the ones from pPC9 and pAMBL2. Similar findings were observed for pPC9. 51 A Tn402-like transposon comprising the In58 integron and the IS6100 element was here identified. A Tn5393c-like transposon harbouring streptomycin resistance genes was also observed. DRs (5 0 -ATGAA-3 0 ), were found flanking this structure, suggesting the occurrence of a transposition event.
Curiously, pJB12, pJB35 and pCB58 were associated with different STs (Table 1) . As previously reported for pJB12, 13 both plasmids lacked the complete machinery for self-conjugation, thus justifying the failure of conjugation assays. Yet, mobilization by a helper plasmid may occur, as a relaxase gene, a putative oriT site and a T4CP gene were identified. 52 
Conclusions
In conclusion, our results suggest that the occurrence of bla VIM-2 in Portuguese hospitals has been strongly influenced by the dissemination of In58 and related integrons. Although In58 has been usually chromosomally located, its prevalence and occurrence among different STs might be due to plasmid and ICE dissemination with subsequent integration into the chromosome, accompanied by recombination events. This could explain the diversity of In58-like integrons found in this study. In addition, the presence of these 'hitch-hiking' elements on several clonal lineages, including highrisk clones, justifies the high genetic plasticity and wide dissemination capacity of this carbapenemase gene.
